Key Points:
. Fluid mass conservation is given by the continuity equation [Voss, 1984] , tio equals either that of the maximum (c=1) for fluid inflows or that of the resident mass 195 fraction for fluid outflows [Voss and Provost, 2002; Frind, 1982] . For the initial condi-196 tions, we consider an horizontal interface between the two fluids located at a specific dis-197 tance z i from the bottom boundary. Mixing and spreading are quantified from the gradient 198 g z (x, z, t) = −∂c(x, z, t)/∂z of the mixing ratio. r l (x, z, t) = ϕ w ρ ∂ 2 c A ∂c 2 ∇c(x, z, t) · [D h (x, z, t)∇c(x, z, t)]
where ϕ w is the mole fraction of water and c A the concentration of secondary species 230 [De Simoni et al., 2005] . In the freshwater-saline water mixing problem considered, c A is 231 the molality of Ca 2+ (mol/kg water ) [De Simoni et al., 2007] . The reaction rate depends on 232 chemistry through the speciation term ∂ 2 c A /∂c 2 , and on mixing as expressed by the sec-
233
ond term, which is identical to the mixing rate, as discussed below. It is controlled by the 234 gradient of the mixing ratio and the hydrodynamic diffusion-dispersion tensor. The speci-235 ation term is determined by using PHREEQC [Parkhurst, 1995] for the end-member com-236 positions given in Table 1 (fresh and saline water). The global reaction rate (moles that 237 precipitate/dissolve in order to keep equilibrium conditions) is defined by areal integra- 
with Ω the aquifer domain; the angular brackets denote the ensemble average. The 241 variability of the reaction rate within the domain is characterized in terms of the probabil-242 ity density function p r l (r) of the local reaction rate, which is obtained by spatial sampling 243 of r l (x, z, t) in individual realizations and subsequent ensemble averaging of the resulting 244 single realization PDFs. 
Dispersion and Mixing

248
We probe the impact of heterogeneity and density effects on the mixing and spread- e.g., Kapoor and Kitanidis, 1998; Fiori and Dagan, 2002; Le Borgne et al., 2010; Bolster 253 et al., 2011] and plays a key role for the dissolution/precipitation reaction under consid-254 eration as outlined in the previous section. The local mixing dynamics are related qual-
255
itatively to flow deformation and flow topology in terms of the deformation rate tensor.
256
These quantities are defined in the following. 
Interface width
258
The interface width characterizes the area between the two fluids and delineates the 259 region of potentially high mixing and reactivity, depending on the local dispersion coeffi-260 cient and flow deformation, as discussed in the following subsections. The interface width 261 is quantified from the first and second moments of the gradient of the mixing ratio distri-262 bution, and reads as
Due to the non-uniform flow field induced by the temporal flow fluctuations and the spatial heterogeneity, the second-centered moment of the z-component of the gradient of the mixing ratio distribution (7) varies along the x-axis. The effective width σ 2 e (t) is given by spatial, ensemble and temporal averaging of σ 2 z (x, t) as
Note that we perform the temporal average over one period of the boundary fluctuation in
266
order to emphasize the trend. 
Mixing rate
268
The mixing rate, or scalar dissipation rate [Tennekes and Lumley, 1972; Pope, 2000] 269 is defined as
The reaction rate (5) of the mixing-limited dissolution-precipitation reaction is directly
271
proportional to the mixing rate. The mixing rate quantifies the local mixing mechanisms,
272
namely the existence of concentration gradients and their dissipation by local dispersion.
273
The variability of the mixing rate within the domain is characterized by its PDF p χ l ( χ),
274
which is obtained through spatial sampling of χ l (x, z, t) and subsequent ensemble aver- 
It is a measure of the diffusive flux across the interface.
279
In order to emphasize the role of (velocity-dependent) dispersion on the mixing, we contrast the mixing rate with the square of the gradient of the mixing ratio
where · denotes the L 2 -norm. γ l (x, z, t) measures the strength of local gradients of 280 c(x, z, t). Unlike for scenarios with constant dispersion coefficients, here the occurrence 281 of high concentration gradients does not imply a high mixing rate. The global square gra-
is defined in analogy to (11).
283
For the displacement of a solute front in homogeneous porous medium under constant flow velocity and constant diffusion coefficient D, the global mixing rate is
. Thus, χ g decays with time due to the diffusive smoothing of the interface between the displacing and the displaced fluids. The square gradient is simply γ g (t) = χ g (t)/D. For displacement under unsteady flow conditions in a homogeneous porous medium [Pool et al., 2016] , the global mixing rate is
where D(t) and σ 2 0 (t) is given by expressions (36) and (42) in Pool et al. [2016] . As shown there, the gradient of the mixing ratio can be approximated by a Gaussian distribution. Thus, the PDF of local mixing rates p χ l ( χ) is given by
where
is the maximum mixing rate at a given time and χ 0 a 284 minimum mixing rate. The square gradient γ l is related to the mixing rate by rescaling as
. Therefore, γ l and χ l differ in their maxima but their spatial distribution 286 is the same. 
Flow Deformation
288
The local deformation properties of the flow field are directly related to the mixing 289 and therefore reaction behavior [de Barros et al., 2012; Le Borgne et al., 2013 , 2014 , 2015 ; by the deformation rate tensor [Okubo, 1970a; de Barros et al., 2012] , which describes the 294 local strain and rotation properties of the flow field. It is defined by [Ottino, 1989] 295
with v(x, z, t) = q(x, z, t)/φ the pore water velocity. The vorticity is defined by 296 ω = 21 − 12 , the normal strain and shear rates are defined by α = 2 11 and σ = 21 + 12 ,
297
respectively. The Okubo-Weiss parameter [Okubo, 1970b; Weiss, 1991] is defined in terms
298
of the negative determinant of the deformation gradient tensor Θ(x, z, t) = −4det [ (x, z, t) ].
299
It can be decomposed into Θ = Θ 2 ς −ω 2 , where Θ ς = α 2 +σ 2 is a measure for local stretch- [Okubo, 1970b; Weiss, 1991] .
303
Regions characterized by strong stretching action can be delineated by with v z the maximum velocity at the boundary for an equivalent homogeneous system , e.g., Jacob, 1950; Ferris, 1951] , where 
Spatial Heterogeneity and Connectivity
360
We study the impact of spatial heterogeneity and connectivity on the dispersion of , 1986; Goode and Konikow, 1990; Pool et al., 2016] .
Ackerer
380 Figure 3 shows the temporal evolution of the second-centered moment (σ 2 e (t)) of saline water, an effect that is significantly enhanced for increasing σ 2 ln k . Thus, for moder-
393
ately heterogeneous connected permeability fields (σ 2 lnk =1), σ 2 e (t) is much larger than that 394 for highly heterogeneous multi-Gaussian permeability fields (σ 2 lnk =4). On the other hand,
395
for the disconnected fields, σ 2 e (t) is smaller than the one for the equivalent homogeneous 396 case, and decreases when the log-conductivity variance increases. These results may be 397 attributed to the impact of connectivity on the effective conductivity. While for the multi-
398
Gaussian fields the effective conductivity corresponds to the geometric mean [see, e.g. , 1967; Dagan, 1989] , for the connected fields it is higher than k g and increases
399
Matheron
400
with σ 2 lnk whereas for the disconnected fields it is lower and decreases with σ 2 lnk [Zinn and 401 Harvey, 2003] . For the disconnected fields, an increase in σ 2 lnk promotes the emergence 
Mixing rate
438
The temporal evolution of the square of the mixing ratio gradient and the global which can be clearly seen for the connected fields. As discussed below this increase of the 457 mixing ratio gradients is linked to increased strain deformation. Thus, as local dispersion 458 is significantly enhanced in high conductivity zones this leads to high local mixing rates.
459
However, due to the strong spatial segregation, spatial heterogeneity has less of an impact The PDF p r l (r) provides a measure for the variability of local reaction rates r l (x, z, t). is similar to the one observed for the PDF of the mixing rates in the previous section.
532
At small reaction rates, we observe a similar 1/r decay that can be attributed to a Gaus-533 sian shape of the spatial distribution of χ l and thus of r l . The behavior at large r is again 534 due to a broad distribution of maximum reaction rates in the heterogeneous medium. The 535 maximum reactions rates for all the heterogeneous realizations are significantly higher than 536 those for the homogeneous case, up to over one order of magnitude larger for the strongly 537 heterogeneous connected fields. Therefore, the numerical results demonstrate that the ef-538 fects of heterogeneity and connectivity on mixing lead to a strongly heterogeneous distri-539 bution of local mixing rates, which tends to increase locally the potential mixing and as a 540 consequence reactivity of the system. In the following, we consider the spatial organiza-541 tion of the local mixing and reaction rates. tential, we analyze and quantify the deformation of the flow field as described in Sec-549 tion 2.2.3 in terms of the rate of strain Θ ς (x, z, t) . The strain rate is expected to increase 550 in areas of high velocity, which together with enhanced dispersion leads to higher mixing 551 and thus reaction rates.
552
Figure 9 displays a zoomed-in example of, from top to bottom, the hydraulic con-558 ductivity and mixing ratio distributions, the strain rate (Θ ς ), and the local scalar dissipa- Figure 8. Reaction rate probability density function (PDF) for the multi-Gaussian, connected (Cf) and disconnected (Df) fields considering different of the log-conductivity variance at time t = t/τ a = 74, which corresponds to the maximum of the head signal at the boundary. The grey symbols denote corresponding PDFs in individual realizations, which differ only slightly from the ensemble PDF. leads to an elongation of the contact surface between the two fluids, and steepening of 569 mixing ratio gradients in the vicinity of the regions of high conductivity where disper-570 sion is high. As a result, the local mixing and reaction rates are significantly enhanced.
571
Thus, the maximum reaction efficiency and thus dissolution occurs in the regions of high-572 est strain, which are aligned with the connected channels of high conductivity. The impact of density variations on the temporal evolutions of σ 2 e (t), the interface 601 length, and the global mixing rate χ g (t) for the multi-Gaussian and connected fields is il- Thus one may conclude that the mixing rate also decreases due to buoyancy. How-620 ever, the contrary is the case. The global mixing rate increases with density variations 621 as shown in Figure 10 (c). This can be traced back to enhanced compression at the in-
622
terface. Buoyancy forces lead to a straightening out of the interface, which as discussed 623 above manifests in the decreases of its elongation and width σ e (t). This straightening out 624 leads to a compression of the interface, which in turn increases the gradients of the mix-
625
ing ratio in regions of high conductivity and thus high dispersion, see Figure 13 . As a 626 result, the global mixing rate increases compared to the scenarios of constant density. This 627 at first counter-intuitive behavior stresses the importance of interfacial compression on the 628 mixing and reaction behavior. (left) and reaction rate probability density function (right) for the multi-Gaussian (MG) and connected (Cf) fields (σ 2 lnk =4) at at time t = t/τ a = 74, which corresponds to the maximum of the head signal at the boundary. The grey symbols denote corresponding PDFs in individual realizations, which differ only slightly from the ensemble PDF.
